ARSTRACT
Clonal lines of mouse neuroblastoma cells thus far have been shown to possess ten properties characteristic of differentiated neurons including electrically excitable membranes and acetylcholiue receptors (l-9). Some of the properties also nre responsive to regulatory influences (4, 5, 9) . When the number of neuronal functions expressed is considered, it is likely that the cells follow a genetic program for neuron differentiation. 'I'hc neuroblastoma system thus may be useful in exploring steps iI1 the maturation process as well as aspects of neural functiott.
The techniques of somatic cell hybridization have been used to ljrobe the expression of the differentiated state with various cell types. Questions of dominance, complement&ion, and gene segregation can be studied (lo-18,24,25) . Also, the getlcrality of control mechanisms can be tested by comparing intra-with interspecific hybrids.
III this report, somatic cell hybrids of mouse neuroblastoma and L cells are shown to possess the neuronal property of electrically excitable membranes.
MATERIALS AND METHODS

Cell lines
Mouse (C3H/AN) L cell mutanl clones B82 and A9 were the gift of I)r. J. Littlefield (10/20/69) . 1382 lacks thymidine kinasc (EC 2.7.1.21); A9 lacks hypoxanthine phosphoribosyltransferase (EC 2.4.2.8) (15) . We have detected no revertants aud none have been reported in the literature. Mouse (A/J) neuroblastoma C-1300, clone N4, was derived by Dr. T. Amallo from a single cell isolated from cells adapted to tissue culture.
Mutant production Neuroblastoma N4, passage 36, was treated with 5 X lo-' M ethyl methane sulfonate (Eastman Kodak Co.) for 2 hr to kill 60% of the cells, grown for five generations, and then exposed to IO-" M 6-thioguanine (6-SGua) (Sigma Chemical Co.). Survivor frequency was approximately 2 X 10m6. The survivors were pooled, grown up, and then expowd to 5 X 10-b M 6-SGua. The frequency of resistant colonies was approximately 4 X 10e6. Cells were pooled and then cloned in lOA4 M 6-SGua. One clone, N4TG1, selected for the present study, was maintained in lo-' M 6-SGua, but was also shown to be resistant to 6-SGua after growth for several weeks in its absence. At the time of fusion, N4TGl was approximately 80-100 generations removed from neuroblastoma N4. The reversion frequency was determined at the time of each fusion experiment by incubating 2 X lo6 cells/do-mm plate and then subjecting the cells to the standard fusion procedure (see Table 1 ).
Media
Parental cells were cultured in medium D: Dulbecco's modification of Eagle's medium; 10% fetal calf serum, sodium penicillin G (50 units/ml), and streptomycin sulfate (10 rg/ ml) in Falcon flasks or Petri dishes at 37°C in an atmosphere of 10% CO*: 90% air, 100% humidity. Hybrid cells were grown in HAT medium: medium D, supplemented with 1 X lo-" M hypoxanthine, 1 X 10dK M aminopterin (a gift of Lederle Pharmaceutical Co.), and 1.6 X 10mK M thymidiue. Glycine (4 X IO-'M) is present in medium D.
Cell fusion
An inoculum of Sendai virus, obtained from Dr. A. Rabson, was grown in embryonated chicken eggs, harvested, insctivated with fl-propiolactone, and titered for hemagglutinating activity against guinea pig red blood cells (17, 18) . Cell lines to be fused were mixed and immediately poured into a 60-mm Falcon Petri dish (2 X 10' total tells/5-ml medium D per dish). After 18-20 hr of incubation, cells were fused with 200-500 hemagglutinating units (H.4U) of inactivated Sendai virus per dish according to the method of Ephrussi and Davidson (17) . Plates were incubated for 15-20 days in HAT medium. Colonies containing approximately 1000 cells were counted, the medium was removed, and well-isolated large colonies were picked with the aid of disposable Pasteur pipets.
Electrical studies
The cells were maintained in medium D supplemented as follows: 1 X lo-' M G-SGua for N4TGl and A9; 1 X lo-' M BrdU (Sigma) for B82; HAT medium for hybrid cell lines. Cells from 50-100% confluent cultures were dissociated with 0.05% trypsin, centrifuged, resuspended, and then inoculated into 60-mm Falcon Petri dishes (1 X lo6 cells/5 ml per dish) (19) is as follows: GPI-IA = a band alone; GPI-1B = b band alone; GPI-1AB = a, h, b, bands. without 6-SGua or BrdU. After 24 hr, the medium was removed, plates were washed once with medium minus serum, and 5 ml of the following was added per plate: medium D minus serum for N4TG1, B82, A9; or HAT medium minus serum for hybrid cells.
Multiplication of neuroblastoma cells is dependent upon serum (4). Cells wcrc incubated without serum to restrict cell division and shift the cells to a more differentiated state; i.e., an increase in specific activity of acetylcholinesterase and axon extension (4, 5) . After 2-4 days incubation without serum, cells were used for electrical studies. In preliminary experiments neuroblastoma cells were found to be electrically active after incubation without serum.
The methods for studying cells with intracellular microelectrodes arc described elsewhere (26). Use of an intercellular electrode in a bridge circuit allows measurement of cell membrane potentials and stimulation of the cell with intracellularly applied current. Transmcmbrane voltages and stimulating currents were digitized and stored with a Digital Equipment Corp. PDP-12 computer along with calculated values of the first derivative of membrane potential with respect to time. These paramctcrs were then used to compute active and passive cell membrane properties.
Glucose phosphate isomerase phenotypes
Glucose phosphate isomerase (EC 5.3.1.9) phenotypes were determined by starch gel electrophoresis (19) . Glucose-6 phosphate dehydrogenase (crystallized once) and fructose-6-phosphate (contaminated with less than 2% glucose-6-phosphate) were obtained from Sigma Chemical Co. Homogenates were prepared as previously described (5).
RESULTS
Formation of hybrid cells
In the presence of aminopterin, an inhibitor of nucleoside synthesis, cell growth depends upon the availability of preformed bases and the ability to synthesize enzymes required for base utilization. A 6SGua resistant neuroblastoma mutant (N4TGl) unable to utilize hypoxanthine was obtained and Neuroblastoma X L cell hybrids containing genetic information from both parents within a common nucleus were selected by growth in HAT medium. The frcqucncy of putative neuroblastoma X L cell (NL) hybrids per input neuroblastoma parental cell depended on the initial ratio of the parental cells; i.e., approximately 3 X 10m5 for 1: 1 (B82: N4TGl); 5 X lo-'for 2O:l; 1.5 X 10-afor200:l. Neuroblastoma and L cell lines are derived from A and C3H mouse strains, respectively, which express different glucose phosphate isomerase isozyme phenotypes at the @i-f locus (19) . As shown in Table 1 , each NL hybrid clone expresses the Gpi-1 isoxymes of both neuroblastoma and L cell parents and at least one additional isozyme as previously described in Fi animals heterosygous for this locus (19) The clectrophysiological properties of single cells were studied by inserting the tip of a microelectrode within a cell and measuring the voltage difference between this intracellular electrode and a second electrode immersed in the extracellular fluid. Pulses of current were then passed through the electrodes and the change in voltage across the cell membrane was measured as a function of time. These responses can be used to characterize both the active (excitable) and the passive properties of the cells (6). Pulses of current which decrease the transmembrane voltage (depolarizing stimuli) provide a test for electrically active ISiochemistry:
Miuna ef al. Three types of response to electrical depolarizing stimuli are shown in Fig. 1 , n-D. The response from a cell that was tlot excitable, termed passive response (A-B-), is shown in Fig. 111 . A pulse of current elicited a smoothly rising uninflected change in membrane voltage. The B response (A-B+), termed delayed rectification, is scored when a negative inflcctioll is present late in the response (Arrow B in Fig. 1B ). Response n (rl +B-or n +B+) is scored when a positive inflection (an increase in rate of voltage change) occurs early in the response (Arrow .4 in Fig. 1C and D) . The two A responses (Fig. 1C versus 1D ) differ quantitatively; the A response of A type of response not previously described was found with L cells but not with neuroblastoma cells (Fig. 2rt and B) . When a large (5-50 Nh) 100-msec pulse of current, opposite in direction to that used in Pig. 1 -,1-D, was passed across the membrctne a large (200-400 mV) increase in membrane potential resulted. After the current was turned off, the membrane potential returned to its initial value, and then underwent a second, prolonged (10-20 set) increase, with subsequent return to the resting level (Fig. 211) . The voltage change was accompanied by a large decrease in cell resistance. We have termed this response the C response (hyperpolarization activation). The threshold for eliciting the C response was relatively sharp, and some increase in the threshold was SCC~ after a C response; that is, cells were refractory.
The responses of neuroblastoma, L cell, and hybrid cell lines to electrical stimulation are shown in Table 2 . The maximum responses of individual cells arc shown.
Cells from the parent neuroblastoma clone were found that either exhibited no response (/t-B-), the B response (A-B+), or the A response (A+B-or A +B+). The parent, therefore, resembles the wild type neuroblastoma in that it expresses electrically active membranes. However, the incidence of passive cells (A-B-) was much greater than previously noted (6). None of the parental neuroblastoma cells gave a C response.
No When a pulse of current is passed across the cell membrane so as to increase the potential difTerence across it, the voltage changes can be used to determine passive membrane properties such as resistance, time constant, and capacitance. The cell resistance is equal to the change in voltage divided by the amount of current (Fig. 3A) ; the membrane capacity is equal to the time constant (Fig. 3B ) divided by the membrane resistance. A measure of the intensity of the A response is provided by the amount of current generated by a cell during the response, termed the action potential current (this is approximately equal to the product of the membrane capacity and the maximum rate of change of membrane voltage during the response).
The average action potential current of the EL hybrid cells scored with A responses is compared to that found with neuroblastoma cells (Table 3) . Pr'euroblastoma cells with d responses had an average action potential current of 13 PA/ cm*; the most active cell was 25 PA/cm*. In 3 of the 6 NL hybrid clones 20-40 generations after fusion, the maximum activity was higher (peak value, 85 PA/cm*) than that found with the neuroblastoma parent, and the average action potential current was 22 PA/cm*. Thus, the A response of hybrids equaled or exceeded that of parent neuroblastoma cells. Neuroblastoma cells displayed low specific resistivity and high specific capacitance compared to L cells and LL hybrids. High capacitance suggests either that the surface area of cells is greater than that estimated or that cells are coupled electrically (7) .
Some cprrelation between electrical properties and the morphology of the cells in lines NL-1 and NL-2 was noted. Membrane properties of neuroblsstoma and L-cell parents, 2 lines of NL hybrids, and 2 L-I, hybrids. Action potential current refers to the average value for all cells in each line which showed the A + response. Surface area was deter+ne.d by measuring cell body and process dimensions on photographs such as those shown in Fig. l&-H . The average action potential current for all A + cells in NL hybrids l-7 was 19 WA/cm*.
Hybrid NL-1, which had extensive processes (Fig. lH) , also had low membrane resistivity and action potential current as high or higher than the neuroblastoma parent. Hybrid NL-2 consisted of large flat cells with no processes (Fig. 1 E/ Table 2 ).
The C response was found with every NL hybrid clone, but less frequently than in L cells or LL hybrids. The average amplitude of the C response of NL hybrids was lo-20% that of L cells.
DISCUSSION
Neuroblastoma cells with electrically excitable membranes were fused with electrically passive L cells, and the resulting hybrid clones were selected by the procedure of Littlefield (15) . Hybrid cells were examined lo-40 generations after fusion and found to be electrically excitable. The results show at least part of a genetic program for neuron differentiation can be functionally expressed in N X L hybrid cells. No evidence for a repressor terminating the neuron differentiation program was observed.
Since each assay for electrical activity is performed with a single cell, variation within a clone as well as variation between clones was studied. One disadvantage of this procedure is that cells are not randomly assayed since large cells can be studied more easily than small ones.
Two properties of electrically excitable membranes were assayed: a positive inflection on the rising phase and a negative inflection on the falling portion of the membrane-voltage curve, termed A and B, respectively. These correspond to the rising phase of the action potential and the descending phase of the action potential or delayed rectification. Three general categories of cells were found; cells without electrical activity (A-B-), cells exhibiting only B activity (A-B+), and cells with A responses (no attempt was made to distinguish between A+B-and A+B+ cells).
The three types of response were found with cells from almost every NL hybrid line, cloned and uncloned. A quantitative difference in the intensity of the A response also was found with cells from each of the 7 neuroblastoma clones that have been studied thus far, and with every N X L hybrid line studied. The simplest explanation of both quantitative and qualitative variation is that A and B activities are regulated and that 1% can be active independently of the A responsc.
Some chromosomes probably are lost by NL hybrids during the course of growth (12, 13, 16, 23) ; however, no definitive evidence for gene segregation was found. Chromosomes are lost prefcrcntially from the gcnomc of the parent with the longer generatiou time (13) . Neuroblastoma and L cell generation times are similar; thus, part of the genome of either parent may be lost from NL hybrids. Cell lines defective in neuronnl properties would be useful both in elucidating steps that pertain to neumn maturation and in defining neural functions. The finding that NL hybrids often are more active electrically than the parental neuroblastoma line could be due to activation of L cell genes for action potential components, complcmentation, or other forms of regulation.
Transmission of an action potential by excitable cell membranes probably involves a series of reactions initiated sequentially by reactions of neighboring molecules. The available iuformation on the nature of the action potential indicates that the A response results, at least in part, from Na+ entry into the cell, and the B response from the exit of K+ from the cell (20) . The cations are transported with specificity, probably without a requirement for .4TP; hence, transport by facilitated diffusion seems likely. Although the components required for the action potential have not been identified, it is possible that the A response is dependent upon a Na+ entry permeate which is converted reversibly from an inactive to an active form when cell membrane potential is decreased, and is inhibited by tetradotoxin, whereas the B response may require a K+ exit permease inhibited by tetraethylammonium ions. It seems likely that other steps also are required. An alternate model for the production of the action potential has been proposed (22) .
The relatively low frequency and amplitude of the C response found with NL hybrid cells may be due to repression of the L cell marker. Relatively few cells were found with C+A+, C+B+, or C+A+B+ responses. The mechanism of the C response possibly involves an increase in membrane conductance to potassium.
The techniques of somatic cell hybridization applied to normal neuroblasts may well provide a relatively simple means of establishing clonal lines of cells derived from different types of neurons. The results obtained with neuroblastoma cells show that rapidly dividing cells still retain the ability to express neuronal function and that some neurons1 genes
